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ABSTRACT 

Results of theoret.ica1 studies on the coupled radiat ive and convective 

heating for superorbital  entry conditions a re  presented. 

range i s  30 I U-(K-fps) 5 50. The a l t i tude  range i s  1-50 5 Fm(K-ft) 5 250. 

Geometries analyzed consisted o f  hemisphere -cones with varying cone-frustru.n 

half  angles, paraboloids, and power l a w  bodies generated by a hybrid ha l f -  

power equation. 

ing body curvature. 

The veloci ty  

The ana ly t ica l  prof i les  generated had continuously diminish- 

The r e s u l t s  a re  given a s  correlations of d i g i t a l  computer resu l t s .  

Simple algebraic re la t ions  for the convective and radiat ive d is t r ibu t ions  
a re  developed. 

f o r  the geometries studied. Graphs and polynomial curve f i t s  of the in tegra ls  

a r e  given i n  addition t o  the correlation equations. 

r e s u l t s  of applications of the  equations made f o r  entry conditions within 

the  range of v a l i d i t y  of the correlations. 

These re la t ions  are i n  turn integrated over surface area 

Also presented a re  
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NOTATION 

*1 ' A2 

N 

R 

r 

U 

V 

v1 YV2 

x 

Arbitrary coefficients of power l a w  provile (p. 2-1). 

Polynomial coefficients,  eq. (9) .  

Numerical correlation coeff ic ients ;  eq. (6), eq. (12), 

respectively. 

Constant i n  convection s imi la r i ty  expression (eq. 

dependent on f r ee  stream conditions. 

Polynomial coefficients,  eq. (9) .  

Convection correlation function, eq. (2)  . Computer from 

Cohen (Ref. 10, p. 32). 

Radiation coupling function, eq. (13). 

Correlation functions, heat flux i n  conical flow region; 

eq. (6), eq. (12), respectively. 

Heating integrals  defined i n  eqs. ( 3 ) ,  ( 8 ) ,  (14) . 
Character is t ic  length i n  correlat ions (L  - RN).  

(7)  ) 

Correlation exponents, eq. (5).  

S t a t i c  pressure. 

Convective, radiative heat flux. 

Radius of curvature of the en t ry  body measured a t  forward 

stagnation point. 

Dimensionless radius of curvature, (% 1/2 f t )  . 
Radial cylindrical  coordinate. 

Velocity. 

Enclosed volume of e n t q  body, subsection 3.3. 

Correlation exponents; eq. ( 5 ) ,  (E) ,  respectively.  

Body surface distance, measured from fomard  stagnation 

point. 
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Y 
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T 

00 

S 

W 

Correlation exponent, pressure expansion, eq. (4). 

Altitude. 

Axial cylindrical coordinate. 

Stagnation point velocity gradient. 

Radiation loss parameter. 

Isentropic exponent. 

Emissivity per unit length of shock layer. 

Local body surface angle as measured from radial axis. 

Viscosity coefficient. 

Dimensionless body surface distance, ( x /%) . 
Gas Density. 

Cone frustrum half -angle . 

Refers to conditions at "outer edge" of boundary layer . 
Refers to local body surface angle. 

Refers to conditions at forward stagnation point. 

Refers to body surface tangency point (hemisphere -cone). 

Refers to free stream conditions. 

Refers to conditions behind the shock. 

Refers to conditions at the w a l l .  

xi i 

LOCKHEED MISSILES & SPACE COMPANY 



4-43-65 -1 

1. INTRODUCTION 

This f i n a l  report  describes the  work car r ied  out under Task 1 of NASA 

Contract No. NAS 7-29?. The purpose of t h i s  study w a s  t o  determine t h e  

e f f ec t  of  vehicle shape on the convective and radizt ive heating during super- 

o r b i t a l  reentry.  The e f f ec t  of coupling between the convective and rad ia t ive  

heating created by radiat ion cocling was  considered i n  d e t a i l .  

shapes considered were hemisphere cones and ana ly t ic  bodies such as para- 

boloids and power law generated prof i les  with continuously decreasing body 

curvatures. 

The body 

The in ten t  of t he  present work was t o  study the flow f i e l d  i n  d e t a i l  

around par t icu lar  vehirles a t  representative en t ry  conditions ra ther  than t o  

make a complete t r a j ec to ry  analysis .  Preliminary studies were f i r s t  car r ied  

out t o  determine which points  i n  a given family of en t ry  t r a j e c t o r i e s  would be 

most representat ive of the  t o t a l  heating pulse. 

were used t o  se l ec t  t he  most representative en t ry  conditions and de ta i led  

s tudies  were car r ied  out on t h e  l o c a l  and t o t a l  heating a t  these t ra jectoi-y 

points. 

a discussion of t he  e f f e c t  of nose radius and nose bluntness on the  t o t a l  

heating appear i n  appendix A of t h i s  report .  

The results of t h i s  study 

A summary of the  r e s u l t s  of t he  i n i t i a l  t r a j ec to ry  s tudies  along with 

The convective and rad ia t ive  heating t o  various vehicle shapes were ca l -  

culated using the  viscous shock layer  analysis  of Hoshizaki and Wilson, (Eef. l). 

I n  R e f .  1 the  viscous, radiat ing f l o w  i n  the  shock layer  about a blunt nosed 

body i s  analyzed by an in t eg ra l  method. This i s  a d i r ec t  method i n  t h a t  t he  

shock shape and flow d e t a i l s  i n  t h e  shock l aye r  a re  determined f o r  a specif ied 

body shape. 

f i r s t  simplified by means of  the th in  shock approximations. 

Navier-Stokes equations and the  complete energy equation t o  e s sen t i a l ly  the  

The method of solution i s  a s  follows. The governing equations a re  

This reduces the  

1-1 
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boundary-layer equations with the  addition of the curvature terms. These 

equations are then integrated across the shock layer  t o  eliminate one inde- 

pendent variable. 

by representing the  veloci ty  and  t o t a l  enthalpy p ro f i l e s  by polynomials 

with unknown coefficients.  

The in tegra ls  i n  the r e s d t i q  equations a re  evaluated 

All of the  coeff ic ients ,  with the exception of one coeff ic ient  i n  the  

t o t a l  enthalpy prof i le ,  a re  determined by means of appropriate boundary 

conditions. 

integrated energy equation. 

t o  determine the shock stand-off distance. 

The remaining coeff ic ient  i s  determined by sat isfying the 

The integrated momentum equation i s  used 

The resul t ing equations are  solved numerically by an i t e r a t i o n  method. 

A shock shape i s  assumed and the equations integrated around the body 

t o  obtain the de t a i l s  of the flow f i e l d  and a new shock shape. 

shock shape i s  used t o  replace the assumed shock shape and the equations 

a re  re-integrated. 

gence i s  obtained. 

t ions  ( R e f .  2).  

data. 

of t h i s  report. 

The 

This procedure i s  repeated u n t i l  sa t i s fac tory  conver- 

Real gas properties a re  u t i l i z e d  i n  the numerical solu- 

The numerical solution w i l l  accept a rb i t r a ry  a i r  emissivity 

Emissivity data used i n  the present study i s  discussed i n  Section 2 

It was  or iginal ly  intended t o  use the viscous shock layer  program t o  

calculate t h e  radiat ive and convective heating f o r  each condition of  

in te res t .  

economical and useful t o  develop cor re la t ion  equations based on r e s u l t s  

of the computer solu-t;ions f o r  the l o c a l  convective and rad ia t ive  heating; 

a s  a function of vehicle shape, veloci ty  and f l i g h t  a l t i t ude .  

formulas for the  loca l  heat flux can then be integrated t o  obtain the  t o t a l  

heating t o  the vehicle a s  a function of the  t r a j ec to ry  parameters. 
the correlat ion formulas can be used t o  determine t n e  t o t a l  heating t o  a 

given vehicle shape over a wide range of t r a j e c t o r y  conditions with very 

l i t t l e  e f for t  since these correlat ion f o m d a s  a re  simple analyt ic  functions. 

It soon became apparent, however, t h a t  it would be f a r  more 

The cor re la t ion  

Hence, 

1-2 
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Correlation formulas for the  radiative and convective heating have been 

obtained f o r  hemisphere cones, paraboloids, and power l a w  bodies. 

These correlat ion formulas do not include the  e f f e c t  of self absorption 

of radiant  energy or the  e f f e c t  of mass i n j e c t i o n  i n t o  the  shock layer .  

Self  absorption was neglected on the basis of estimates made using the gray- 

gas approximation. 

t h i n  f o r  a wide range of en t ry  conditions. 

gray-gas approximation i s  a very poor one and t h a t  s e l f  absorption can be 

important under almost a l l  en t ry  conditions of i n t e r e s t .  The correlat ion 

formulas presented are s t i l l  useful,  however, since they have been normalized 

t o  the  heating rate a t  t he  stagnation point. Thus, it i s  f e l t  f o r  reasons 

discussed i n  more d e t a i l  i n  Subsection 3.4 t h a t  t h e  d is t r ibu t ion  of t he  radia-  

t i v e  and convective heating under some conditions w i l l  not be significant1:- 

a f fec ted  by s e l f  absorption. 

or lower the absolute heating levels  but probably has a small e f f e c t  on the  

r e l a t i v e  heating t o  d i f fe ren t  vehicle shapes. 

i s  then useful f o r  making r e l a t i v e  studies on the e f f e c t  of vehicle shape and 

en t ry  conditions on the t o t a l  heeting. 

These estimates indicated t h a t  the shock layer  w a s  o p t i c a l l y  

W e  now know, however, t h a t  the 

Self absorption will c e r t a i n l y  tend t o  raise 

The analysis  presented herein 

Mass in jec t ion  can have a very s ignif icant  e f f e c t  on the convective 

heating and may a l s o  be s ignif icant  i n  reducing t h e  rad ia t ive  heating i f  

self absorption i s  taken i n t o  account. A b r i e f  discussion of the e f f e c t  

of mass in jec t ion  on the r e s u l t s  presented i s  given i n  Subsection 3.4. 

1-3 
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2 TECENICAL DISCUSSION 

The d i g i t a l  computer program used i n  the present analysis was based on 
the Hoshizaki-Wilson in t eg ra l  shock layer  method (Ref. 1). The program ca l -  

culates  the  coupled convective and radiat ive heating t o  a body of revolution 

entering a planetary atmosphere a t  superorbital  speeds. The or ig ina l  compu- 

t e r  code, developed for hemisphere-cones with a rb i t r a ry  cone frustrum half  

angles has been modified t o  generate r e su l t s  f o r  paraboloids and power-law 

p ro f i l e s  with continuously decreasing body curvatures. 

i s  a modified half-pover body of revolution generated by the  equation: 

r = A f i  + Bz, where r and z are ,  respectively,  the r a d i a l  and ax ia l  cyl in-  

d r i c a l  coordinates with reference t o  the origin a t  the forward stagnation 

point. 

a calculation. This permits development of a considerable var ia t ion of 

p ro f i l e s  within t h i s  general family, t h a t  may be of i n t e r e s t  or closely 

simulate other geometries of interest .  

The power law p ro f i l e  

The coeff ic ients ,  A and B, a re  a r b i t r a r i l y  specified when i n i t i a t i n g  

I n i t i a l l y ,  it was planned t o  use the computer code t o  generate resul t ;  for 

a l a rge  nurriber of cases covering a p rac t i ca l  range of en t ry  ve loc i t ies  and 

a l t i t udes  where strong coupling e f fec ts  were anticipated.  However, study 

of the  preliminary r e su l t s  suggested t h a t  a more general and useful analysis 

could be developed through empirical correlat ion of computer code r e su l t ;  

over a range of flow conditions where strong coupling was encountered. 

Clearly i f  such a correlat ion of selected numerical r e s u l t s  could be obtained, 

t h i s  would permit an exonomical extension of the analysis over intermediate 

flow conditions without excessive computer use. 

a s e t  of simple algebraic re la t ions might be obtained which could, i:i turn,  

be used repeatedly i n  systematic application of the correlat ions t o  check the 

e f f e c t s  of governing parameters. The added usef'ulness of exp l i c i t ,  e a s i ly  

applied algebraic re la t ions  for design applications i s  of course, obvious. 

It was fu r the r  recognized 

2 -1 
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The independent variable sozght as  t he  primary correlat ion parameter 

was the surface pressure dis t r ibut ion.  This seemed the most desirable 

correlat ion variable on the bas i s  of several considerations. 

more prominent considerations we note: 

Among the  

1. 

2. 

3. 

For hypersonic flow the surface pressure d is t r ibu t ion ,  

normalized t o  the stagnation point value, i s  e s sen t i a l ly  

a function only of the  gzometry. Hence, correlat ions 

developed on the bas i s  of t h i s  variable a re  t o  a l l  i n t en t s  

uncoupled from variat ions i n  f r ee  stream flow conditions. 

There probably ex i s t s  a s  much or more reported and available 

data on surface pressure d is t r ibu t ions  than any other flow 

variables f o r  a rb i t r a ry  geometries, based on exact numerical 

solutions and experiment. 

Surface pressure d is t r ibu t ions  may be readi ly  computed f o r  bodies 

of revolution and asymmetric bodies using an assortment of analy- 

t i c a l  approximations of varying degrees of accuracy and ease of 

application, i.e., conical flow solutions,  modified Newtonian 

law, shock expansion theory, b l a s t  wave theory, etl:. 

Certainly, i n i t i a l  consideration of surface pressure a s  a correlat ion 

variable i s  strongly supported by p rac t i ca l  considerations. It w i l l  be 

shown t h a t  functional rciktionships based on the pressure d i s t r ibu t ion  

can be and have been developed which s a t i s f a c t o r i l y  cor re la te  the complex 

physical processes analyzed through use of the d i g i t a l  computer solutions.  

The r e l a t ive  insens i t iv i ty  of the surface pressure t o  flow conditions fo r  

similar geometries i s  i l l u s t r a t e d  in Fig. 1. This f igure  shows a s m a q  
of the pressure d is t r ibu t ions  from numerical r e s u l t s  of the  present computer 

solutions over the  rangeoi 'entry conditions and geometries studied. 
independent variable,  5, i s  the r a t i o  of the  distance along the  body surface 

difidcd by the radius of curvature of the nose measured a t  the  a z i s  Of symmetry. 

The distance is measured along the body surface from an or ig in  a t  the  forward 

The 

stagnation point. 

L O C K H  EED 
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The necessity f o r  a smziL1 rctdius of c - tora tue ,  considering combined 

e f f e c t s  of radiat ion and convectLon became o3vious a f t e r  a preliminary 

study of several l i f t i n g  re-entry t r a j e c t o r i e s  and heating prof i les .  

preliminary work i s  discussed i n  Appendix A ol" t h i s  report .  

of small entry vehicle nose r a d i t  i n  the  superorbi ta l  en t ry  f l i g h t  regime 

t o  minimize t o t a l  heating i s  emphasized by the  r e s u l t s  of en t ry  heating s tudies  

made by Allen & Seiff (Ref. 3) ai, NASA on slender cones. 

This 

The desirabi lLty 

The range of a l t i t u d e s  and ve loc i t ies  covered was l imi ted  i n  p a r t  by 

l imi ta t ions  on the va l id  range cf t he  curve f i t s  of emissivity,  thermodynamic 

and pa r t i c l e  t ransport  property data used i n  the  computer code. 

f o r  t he  thermodynamic & t ransport  propert ies  a re  f ron (Ref. 2).  

o f  these data t o  higher temperatures and a l a rge r  range of dens i t i e s  are 

planned f o r  a new computer program present ly  being developed which will 

include the  important e f fec ts  of self-absorption mentioned i n  the  introduction. 

The curve fit l i m i t s  i n  the  code present ly  used, l i m i t ,  i n  t u rn  the  ve loc l ty  

(temperature) and density. 

t o  r e s t r i c t  entry ve loc i t ies  t o  50,000 fps  or less  and a l t i t u d e s  no grea te r  

than 250,000 f t .  

The data  

Extensions 

The p rac t i ca l  l i m i t s  f o r  solut ions were found 

The onset of s ign i f icant  rad ia t ion  coupling could be invest igated through 

the magnitude of the coupling parameter,I ' ,  which i s  a r a t i o  of the  rad ian t  

energy l o s s  by a f l u i d  p a r t i c l e  t o  the  t o t a l  energy within the  time ( 6/v, ). 

Here V i s  the normal ve loc i ty  behind the  shock and 6 i s  the  shock stand-off 

distance. 

where the  value of r i s  negl igibly s m a l l .  

be considered unimportant. 

from r e s u l t s  o f  the solut ions f o r  the  cases analyzed. 

values i n  I' for a fixed ve loc i ty  and a l t i t u d e  w a s  t h e  result of var ia t ions  

i n  the  a i r  emissivity specif ied ( 3  opt ional  l e v e l s  are avai lable  in t h e  

current program) as w e l l  a s  a weaker e f f ec t  caused by varying t h e  nose 

radius of curvature. 

se lec t ion  of a representative value of r for a f ixed  ve loc i ty  and a l t i t u d e  

i n  the  l a t e r  analysis. 

6 
The lower bound on veloc i ty  was es tabl ished a t  U, - 30,000 fps 

Thus, radiatlion coupling could 

Figure 2 shows bands of values of I' determined 

The var ia t ion  of 

The d i s t r ibu t ion  of points  was  narrow enough t o  pe-rmit 

Two of the  emissivi ty  values used i n  the  computer 
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program are shown in Fig. 3 which depicts the log of the emissivity as a 
function of temperature and density. 
levels with and without atomic line contributions), based on caiculat ions 

made at Lockheed. The third emissivity prediction used is that developed 
at Avco (Ref. 4) and used by Howe and Viegas (Ref. 5) at NASA. 
data is bracketed by the Lockheed upper and lower estimates shown. 

These estimates represent high and l ~ w  

The Avco 

Computer solutions are initiated by a selection of the flight and shock 
layer conditions (present studies were based on the normal shock wave 
data of P. V. Marrone, (Ref. 6)), and a selection of the geometrical para- 

meters. The 32 numerical cases on which the present analysis and corre- 
lations are based is summarized in Table 1 which depicts, in addition to 
the geometries and flow conditions, the value of the radiation loss 
parameter, I?. 

The explicit geometries investigated are given in Fig. 4 
the dimensionless cylindrical coordinates ?, z in the radial 
directions, respectively. These dimensions have been ratioe 

of curvature of the nose measure? at the stagnation point, . RN 

in terms of 
and axial 
to the rad .Ui 

In the next section examination of theoretical relations and the numerical 

results of the solutions w i l l  be reviewed. 
the convective and radiative heat f lux  distribution will be discussed and 

compared with results of the numerical analysis. The relntions developed 
are referenced to the stagnation point heat flux, which can be readi ly  

obtained for the case of convective heating from existing correlations such LIS 

Hoshizaki (Ref. 7). 
computed using one of the several current predictions for air emissivity for 
optically thin shock layers and additional data on the flight conditions leading 

to values of the shock stand-off distance and shock-layer temperature. 
lation equations a l s o  exist for planar radiation to an optically thin stag- 

nation region such as those of P. D. Thomas (Ref. 8). 

Development of correlations for 

The stagnation radiative heat flux may be readily 

Corre- 

I 

2 -6 

LOCKHEED MrSgiCEs & SPACE COMPANY 

- 



4-43-65-1 

I 
0 
r( 

I 
0 
r( 

II It II 

I 
0 
4 

II 

\ 

I 

n 

W n  
0 

x 

W 

3 

I 
L 

x 
0 
Y 

a 

a s 
w 
Q s 
W 
I- 



Cable 1 
CASES A.NAIXZ3D WITR VISCOUS-RJDIATING SEOCK LAYER COMPUTER PROGRAM 

-- 
E/L 

- 
1 (Emissivity 

Used 

AVCO 

AVCO 

AVC 0 

LMSC H i  

IMSC H i  

AVCO 
w c  H i  
LMSC H i  
AVCO 

LMSC H i  

W C  H i  
W C  H i  

W C  H i  
DISC H i  

LMSC H i  

AVCO 

Case No. 

20, 20A* 

21, 23A 

28, 2 8 ~  

29, 29A 

30, 3OA 
33, 3J-A 
32, 3 a  
33, 3 3  

101, l0lA 
102, 10% 

103Y 103 
104, 104A 

105, 10% 
106, 1 0 6 ~  

107, 1 0 7 ~  

100, lOOA 

- 
00 

U 

(.+,I 10 fps  

5 
5 
5 
5 
4 
5 
5 
4 
5 
5 
4 
5 
3 
3 
5 
3 

* (A) Suffix Designates Adiabatic Case 
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- 
% 
:rt: 
- 

- 
5 
5 
5 
5 

5 
5 

5 

- 1 
2 

1 

1 
2 
1 
2 

- 

-- 

1 
1 
1 
2 
- 

5 
1 
2 
- - 

r 

0.416 

0 416 
0 416 
0.318 
0 , 146 
0,416 

0.316 

0.274 

0 416 
0.226 

0.0524 

0.465 

0.0085 

0,318 
0.00108 

0.00414 

Geometry 

Hem-Cone, & - 40' 
Kern-Cone, & = 30c 

Pwr. Law I 
Pwr. Law I 
Pwr. h w  I 
Pwr. Law I1 
Pwr. Law I1 
Pwr. Law I1 
Parabolo i d  

Paraboloid 

Parabolo i d  

Paraboloid 

Paraboloid 

Paraboloid 

Parabolo i d  

Farab o l o  i d  - 
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3. DEVELOPMENT OF COWELATIONS AND RESULTS 

3.1 CONVECTIVE H E A T ~ G  

3.1.1 Correlation of Convective Heat Flux Distr ibut ion 

The convective heat  f lux i s  noticeably diminished below the l e v e l  pre- 

dicted by boundary layer  theory when there  e x i s t s  a s ign i f icant  degree of 

coupling between the  shock layer  radiat ion l o s s  and t h e  energy convected 

toward the  vehicle surface during planetary entry (Ref. 1). 

of convective heat f l u x  along the vehicle surface,  including t h e  e f f e c t s  

of such coupling may be wr i t ten  as a simple expression. 

simply a statement t h a t  t h e  dist-ibution of heat  f l u x  i n  a non-adiabatic or 
coupled flow s i tua t ion  i s  the  difference between adiabat ic  boundary l aye r  

theory r e su l t s  and a coupling t e r m  which accounts f o r  the  energy l o s t  from 
t he  shock layer  due t o  gas radiation: 

The d i s t r ibu t ion  

The expression i s  

I n  eq. (1) 5 i s  surface distance rat ioed t o  the  nose radius  o f  curvature, 

measured from the  forward stagnation point.  

eq. l,Aq,([) represents t he  convective coupling defect.  

"Non-Adiab" r e f e r  t o  the  uncoupled and coupled heat  f l u x  components, respec- 

t i ve ly .  

non-adiabatic shock layer  flow. 

with i n  correlat ing the  convective heating r e su l t s .  

The second term on the  RHS of 

The subscr ipts ,  "Adiab .", 
These a re  evaluated from separate computer solut ions f o r  adiabat ic  and 

Eq. (1) i s  a convenient expression t o  work 

Numerical solut ions developed from the  Hoshizaki-Wilson i n t e g r a l  method 

(Ref. 1) neglect the  e f f e c t s  of self absorption i n  evaluating the  shock layer  

radiat ion.  

conditions i n  which the  shock layer gas can be considered transparent t o  

the  radiat ion.  For flow conditions i n  which s igni f icant  self absorption 

i s  encountered, the  r e s u l t s  would  r e f l e c t  a comparatively smaller coupling 

The present r e s u l t s  thus represent va l id  solutions only f o r  flow 
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defect. 

t i c  resu l t s .  

heating solutions i s  necessarily delayed u n t i l  completion of a new version 

of the computer code presently i n  devapment. The omission of t h i s  e f f ec t  

i n  the present analysis was discussed i n  the  introduction and w i l l  receive 

fur ther  a t tent ion i n  the aiscussion of the present resu l t s .  However, trends 

and correlations indicated by the present analysis will possibly be amenable 

t o  re la t ive ly  simple scaling and adjustment of the correlat ion coeff ic ients  

once the new solutions a re  avail+ble. Clearly, i n  the interim period p r io r  

t o  completion of the new computer code, qual i ta t ive trends,  geometrical e f f ec t s ,  

correlat ion techniques and resul1;s of the present analysis w i l l  be useful 

i n  application f o r  systematic design studies.  

Thus r e su l t s  with self  absorption would tend back towards the  adiiba- 

Quantitative evaluation of the se l f  absorption i n  coupled 

The approach adopted f o r  correlat ion of the numerical r e s u l t s  and the 

development of expressions f o r  the  convective heating d i s t r ibu t ion  i s  t o  

examine separately the behavior of the two terms i n  the RHS of Eq. (1). 

computer solutions a re  used a s  both a bas i s  f o r  and a check against  the  

resul t ing correlations.  

the heating integrated over the surface area. 

of heating i s  done numerically with r e s u l t s  presented i n  both graphical form 

and i n  a table of coeff ic ients  from polynomial curve f i t s  generated f o r  the  

integrals .  

Tie 

Subsequently, the expressions a re  used t o  evaluate 

The surface area i n t e g r a t i m  

!in expression f o r  the  uncoupled boundary h y e r  contribution t o  convection 

( f i r s t  term on the RHS of Eq. 1) i s  adapted from work by Lees (Ref. 9)  and 

l a t e r  work by Cohen (Ref. 10) .  

of the laminar boundary layer  equations for an axisymmetric body of revolution 

immersed i n  equi l ibr im,  high enthalpy shock-layer flow. 

notation t h i s  expression becomes: 

The expression i s  based on s imi l a r i t y  solutions 

I n  our present 

(2)  

[ (PP),/(PP), , 0 I (Ue/U,)rw/L) 
l / 2  I o=o 
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I n  Eq. ( 2 ) ,  the  l o c a l  wall  quant i t ies  a re  designated by the  subscr ipt ,  w, 

while t h e  subscript ,  6 , 0 ,  r e f e r s  t o  conditions a t  t h e  boundary l aye r  "edge" 

( 6 ) evaluated a t  t h e  forward stagnation point ( 0 )  The term, F ( p ,  te ) 
represents Cohen's cor re la t ion  function (p. 32, Ref. 10) which i s  dependent 

on the  stagnation point veloci ty  gradient,P and the  r a t i o  of stagnation p i n t  

("edge") enthalpy t o  a reference enthalpy, t 
may be evaluated f o r  t h e  par t icu lar  flow conditions using Cohen's r e l a t ion ,  

but  with care taken t o  evaluate the term (pwpw/(pp)w,o) 
property data for t he  shock layer  conditions of  i n t e r e s t .  

solut ion development it i s  useful  a t  t h i s  point t o  in tegra te  Eq. ( 2 )  over 

the  d i f f e r e n t i a l  annular area element, 27r[rw(5)hJ1 d5 . Making the  
subst i tut ion:  

F (which i s  almost uni ty)  E' 

spec i f i ca l ly  from 

To i l l u s t r a t e  t he  

and introducing the  d i f f e r e n t i a l  area element i n t o  Eq, (2)  we obtain a f t e r  

in tegra t ion  over both s ides  of the equation: 

6 (5) = dA = 27r * const - 
Area , 

L2 

where 

Further s implif icat ions a re  possible, p r io r  t o  evaluating I 

invest igat ion.  

walls the var ia t ion of t he  term, ( p ~ ) ~ / ( p p ) ~ , ~  

the  r a t i o ,  Pw/P =P(()/P Also, for an equilibrium hi&h enthalpy f l o w ,  t 1 1 e  isen- 

t r o p i c  index var ies  slowly over the running length of  the body from t he  s t aL :u : i t i<~n  

f o r  t he  cases under 1 
It i s  noted thad for high enthalpy €lows with r e l a t ive ly  cool 

, may be closely sirnula$ed by 

0 0' 
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point,  hence y(t)/y(O) NN 1 

expansion may be subst i tuted f o r  t he  ve loc i ty  d is t r ibu t ion:  
, f o r  p rac t i ca l  purposes and an isentrcjpic 

Yo - 1 
1/2 U 

e - [I - (YT] , where y = 

5 *  
hence, 

0 

For  various geometries analyzed, t he  pressure d i s t r ibu t ion  ( invar ian t  for a 
fixed geometry a s  was noted i n  the  previous sect ion)  and the  geometrical 

charac te r i s t ic  P W / L  ( & ) I  were obtained from results of computer 

solutions. I1 (6) was then evaluated f o r  the  cases analyzed. 

appear along with the  polynomial expressions f o r  I 

The uncoupled convective f l u x  d i s t r ibu t ion  for t he  boundary l aye r  component 

(Eq. 2) may now be wr i t ten  a s  an algebraic  expression i n  terms of the evr.luated 

function, I1 ( 0 ,  ( subs t i tu t ing  IirJ = L f o r  t h e  cha rac t e r i s t i c s  length i n  t h e  

expressions) : 

These r e s u l t s  

(0  l a te r  i n  t h i s  section. 1 

The va l id i ty  of the s imi l a r i t y  solution, applied t o  the  present analysis  may 

be inferred f r o m  Fig. 5 which shows the  in tegra ted  dimensionless boundary 

layer  solution r e s u l t s  (Eq. 3) compared t o  those obtained from t h e  correspond- 

inge numerical solut ions f o r  several  cases. 

distances from the  stagnation point (approximately 3 nose r a d i i  along t h e  

surface). 

SolUtiOnS 

i s  used o n l y  to ?-valuate the  convective coupling defect  term i n  lqq. (L). 

Deviation i s  a maximum a t  l a rge  

This deviation i s  due t o  inaccuracies i n  the  viscous shock l aye r  

Because of these inaccuracies,  t he  viscous sllock ltlyer :;OlUtiOn 
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NOTE: CURVES SHOW VALUES GENERATED BY INTEGRATION OF BOUNDARY 
LAYER SOLUTION [EQ. (3) 1. 
OPEN SYMBOLS REPRESENT RESULTS O F  VISCOUS SHOCK LAYER 
COMPUTER CODE FOR FOLLOWING CASES: 

1. 
- - 

0 HEM.-CONE, qC = 40", Z, = 1.9,  Urn = 5. 

HEM. -CONE 
8 -  = 40" 

2. n PWR. LAW (I). 2rn = 2.5, 5, = 5. - 
3. 

4. 

V PWR. LAW (II), zrn = 1.5, Urn = 4. 
h PARABOLOID, 5, = 1.9,  5, = 3. 

CONDITIONS WERE: // 1 

DEVIATIONS BETWEEN SOLID & DASHED 
CURVES REPRESENT MAXIMUM CALCU- 

ALTITUDE PERMUTATIONS STUDIED. 
THESE LIMITING 

LATED VARIATIONS FOR VELOCITY - 

1. z- = 2.5, Ern = 5 - - 
2. Z, = 1.5, U, = 5 -7- 

0 1 2 3 4 

RN STAGNATION POINT ORIGIN 
, ( DIMENSIONLESS) SURFACE DISTANCE FROM X 

€ 8 -  

Ciq. 5 Boundary L o w  Comoctiocr Solutions ( Adiobotlc Shock Layor 1 for Geometries Analyzed 

3-5 
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The convection coupling defect ( the  second term i n  Eq. 1.) corre la tes  

with the pressure d i s t r ibu t ion  showing a strong dependence on the  radiaticm 

loss parameter,K', and a weaker dependence on the nose radius  of cmvaturz ,  

%. The correlat ion equation fo r  the d i s t r ibu t ion  of t he  coupling defect i s :  

R =  - , N = 0.758 , M = 0.0653 (5) 

m e  comparative behavior of the  analyt ic  expression for As,(<) i s  indicated 

i n  Fig. 6 which shows the  ana ly t ic  expression in superposit ion with the results 
of representative d i g i t a l  computer solutions.  

pressure d is t r ibu t ion  with the dependent var iable  showing reasonable general 

agreement with the data  throughout and collapsing t o  a common value (0.8351) a t  
the stagnation point.  

seen t o  break down a t  t h e  geometrical t r a n s i t i o n  between hemisphere and conical  

port ions (indicated as  the s t a r t  of  a separate cor re la t ion  on the Figure).  

The indepenaent var iable  i s  t he  

The funct ional  behavior o f  the hemisphere cones i s  

Fig. 6 i s  of pa r t i cu la r  i n t e r e s t  since it a l s o  displays the deg: lcee of con- 
vective coupling along t he  surface through the coupling defect ,  Aqc 

may be recovered from the  f igure  f o r  a case of i n t e r e s t  by multiplying the  
ordinate values by t he  product, N-M R . 

, which 

In the  case of hemisphere-cones f o r  regions beyond < = 5, ( tangent  cone), 

a separate correlat ion equation must be applied. 

by the  function u (+ , t )  , given by: 
-1 c 

This cor re la t ion  i s  represented 

3 -6 
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Fig. 7 shows the  behavior of Eq. (6)  applied t o  t h e  cases depicted and 

compared with numerical results from the computer code. In general ,  where 

comparisons a re  made with computer results, t he  t ab le  of symbols appearing 

on the  figure y ie lds  information about t h e  flow conditions, etc. The nose 

radius,  %, always has dimensions of f t .  

i n  the  figures i s  the dimensionless a l t i t u d e ,  

a l t i t u d e  f o r  t he  case divided by 10 f t .  

veloci ty  i s  commonly iden t i f i ed  by the  term, 
magnitude divided by 10 fps. 

the  correlation equations i s  apparent f romthe  figure.  

i s  the  companion cor re la t ion  , g2 ( 0 ,  used f o r  t he  rad ia t ion  flux cor re la t ion  

i n  the  conical region. 

it should be noted t h a t  the  same general l e v e l  of agreement has been obtained 

f o r  both gl and g2 functions applied t o  the  hemisphere-cone cases analyze&. 

A fur ther  symbolism used frequent ly  

, which designated t h e  
5 In a s imilar  way, t he  f r e e  stream 

- 
urn which s ign i f i e s  t he  velocity 

4 The good agreement i n  the  conical region f o r  

Also shown on Fig. 7 

This will be discussed i n  a later section, however, 

3.1.2 Integration of Convective Correlation Equations Over Surface A r e a  

The correlation equations are next used t o  evaluate t h e  t o t a l  heatin6 

( integrated over surface area) f o r  the  geometries analyzed in t he  present 

study. 

a re  shown i n  Fig. 4).  
t h e i r  functional dependence on pressure d i s t r ibu t ion  (hence, imp l i c i t l y  o n l y  

a function of geometry i n  hypersonic flow) and the  geometrical charac te r i s -  

t i c s  ( rw(0/L) , t ,  permit separation of t he  flow condi t iors  

and geometrical charac te r i s t ics .  

(For >eference, these geometrical p r o f i l e s  discussed i n  Section 2, 

A review of  the cor re la t ion  equations ind ica tes  t ha t  

The integrat ion of the  heating over the surface a rea  element can thus be 

conducted separately for par t i cu la r  geometries using the  appropriate non- 

dimensional correlat ion function. 

computed separately, based on en t ry  conditions. The product of t h i s  term 
and t h e  correlat ion in t eg ra l  y i e ld  the  t o t a l  heating a t  a r b i t r a r y  surface 

distances for arb i t ra ry  en t ry  conditions. 

the  r e l a t ions  so 

f l o w  conditions, 

This leaves only an algebraic  term t o  be 

me procedure adopted generalizes 

t h a t  maximum u t i l i t y  results f o r  ca lcu la t ions  of a r b i t r a r y  

LOCKHEfD M ~ S S ~ L E S  & SPACE COMPANY 
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r = RADIATION LOSS PARAMETER 
I 
I 
I E 2 (g) ; N = 0 . 7 5 8 ;  M = 0.0653 '1 \ 

= NONADIABATIC STAGNATION ' \ POINTHEATFLUX \ I  

I I I I 6.8 1.0 20 3.0 
DIMENSIONLESS SURFACE DISTANCE, € 8  x/R,, 

MEASURED FROM STAGNATION POINT 
Fi9.7 Conical Surfoce Correlations of Heat  Flux 

Compona!ntr-Hemirphero Cones 
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Further note should 5e taken t h a t  a l t e rna te  geometries may be s imi la r ly  

t r ea t ed  based on the  correlat ions presented. 

geometrically similar t o  one of ";hose presented here,  the necessary d i s t r i -  

bution variable (pressure) may be obtained from Fig. 1. 

geometries, t h e  dependence on surface pressure d i s t r ibu t ion  i s  convenient 

since t h i s  quantity i s  comparatively easy t o  obtain. 

d i s t r ibu t ion  i s  known f o r  a spec i f ic  geometry of i n t e r e s t  t he  cor re la t ion  

equations may be applied t o  determine the  heat f l u x  or, i f  desired,  integrated 

numerically over surface area. 

Thus, i f  a configuration i s  

For dissimilar 

Once the pressure 

The convective heat f l u x  d i s t r ibu t ion  equations may be summarized using 

Eq. (l), (4), ( 5 ) ,  and (6) .  For hemisphere-cones (cone frustrwn semi angles 

= 40°, 30') : 

-2 N-M - 2.54 x 10 I? R exp 

I I 

Eq. (7 )  can also be applied t o  t he  continuous p r o f i l e s  analyzed (paraboloids, 

power laws) by omitting the  f i n a l  term on t h e  RHS ( i . e .  evaluating the  second 

term throughout the range of i n t e r e s t ) .  

Eq. (7) a r e  l i s t e d  below: 

For reference,  the  coef f ic ien ts  i n  

3-10 
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where the function, F, (near un i ty  i n  the present analysis)  may be determjned 

from Cohen (Ref. 10) p. 32, the thermodynamic and t ransport  properties evzlilated 

a t  the  stagnation point conditions a re  avai lable  i n  tables ,  see f o r  example 

Marrone (Ref. 6) ,  Peng & Pindroh (Ref. 11). The stagnation point veloci ty  

gradient may be evaluated from simple approximations , Lees (Ref. 9 )  or 
from analyt ical  studies,  Vinokur (Ref. 12), or f rom numerical r e s u l t s  obtained 

independently, 

f o r  the other coeff ic ients :  

In  the present a:ialysis the following values were determined 

y : 0.130 

N = 0.758 
M = 0.0653 

and f o r  the function gl(@c,k) 

cp = 40 0 0.230 1.148 0.873 0.867 
C 

@c = 30’ 0.144 1.231 1.048 0.316 

Integration of the convection equations over the surface area leads t o  ._ 

the following re la t ion  f o r  the t o t a l  convective heating i n  terms of in tegra ls  

which have been evaluated f o r  presentation i n  t h i s  section. 

- 5.08 x io-’ n r  N-M R I~(<) 

‘ = ‘Final 

‘=5, 

< = I ,  

E = O  
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in d i rec t  analogy t o  t h e  equation f o r  the heat  flux, the  l a s t  term i n  Eq. (8) I 

i s  only used Tor the  hemisphere cones. It i s  dropped f o r  the  paraboloids and 

power-law geometries with the  eviiluation continuous over t h e  second term from 

5 = 0  to 5 - ‘Final’ 

The evaluated in t eg ra l s  (I1, I*, I ) f o r  arbitrary surface distance,  5 , 
may be obtained from the  accompanying graphs (Figs. (8), (9), (lo), (11) , (12) ) 
for t h e  appropriate geometries l i s t e d  on the  f igures .  

a r e  results of t r i a l  f i t s  of the  in tegra ls  t o  3rd and 4th degree polynomials 

of the general form: 

3 

Also shown on the  f igures  

The residual error i s  noted on the  face of t he  graph f o r  t he  per t inent  function. 

In  general, the 3rd degree polynomials y i e ld  sa t i s f ac to ry  accuracy i n  com- 

parison t o  the r e s u l t s  of the  4th degree f i t s .  

polynomial equations f o r  t he  in t eg ra l s  t o  evaluate t h e  t o t a l  heating from Eq. 

(8), t he  simpler cubic form of Eq. (9) i s  recommended. 

t he  accuracy of t he  3rd and 4th aegree f i t s  may be infer red  from the  a c c u q -  

l a t e d  residual e r r m l i s t e d  on the  fig-ues or the  $, e r r o r  over t he  range of 

in tegra t ion  l i s t e d  i n  Table 2 with the  polynomial coef f ic ien ts .  

Hence, i f  using t h e  

The difference between 

3.1.3 Systematic Application of Integrated Convective Heating Over Range 
of Analysi s q - ,  - 

In  order t o  study the  e f f e c t s  of geometrical var ia t ions ,  t he  t o t a l  heating 

was evaluated, using Eq. (9) over t he  surface dis tance from the  s t a g n a t i m  

point,  back f o r  3 or more nose r ad i i .  

5 basic  geometries a t  a l t i t u d e s  of 250, 190, and 150 k f t  and en t ry  ve loc i t i e s  

of 50, 40, and 30 kfps. 

This was accomplished f o r  each of t h e  

Since t h e  nose radius of curvature en te r s  t he  equations as a non-linear 
contribution t o  t h e  sum of the  t e rns  through the  factor,(%/-$ f t )  M (see Eqs.  

(7)  and (8)), it was not possible t o  uncouple the  dependence on t h i s  var iable  0 
3-12 
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1 

/ 

POLYNOMIAL CURVE FIT: fi(,t) = A + BS + C t 2  + Dt3 + E t 4  

RESIDUAL ERROR - POWER 

4 3rd DEGREE FIT I(&)' = 7. 1400-4 

0 4th DEGREE FIT I(&)' = 1.2260-4 

RESIDUAL ERROR - POWER LAW II 

A 3rd DEGREE FIT ~ ( A C ) '  = 2.949 x id5 
0 4th DEGREE FIT ~ ( A c ) '  = 5.0637 x IO? 

NOTE: FOR POLYNOMIAL COEFFICIENTS 
SEE TABLE 2 

RESIDUAL ERROR - P A R A B O M D S  

A 3rd DEGREE FIT 

0 4th DEGREE FIT 

I(&)' = 3. O O S - ~  

&)' = 6 . 7 5 1 6 ~  

POWER LAW 1 

POWER LAW I1 

2 3 4 0 4 

Fig. 9 Dimensionless Convection Integral ,q, Evaluated for Paraboloids and Power Laws 
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RESIDUAL ERROR 9, = 40" 

A 3rd DEGREE FIT I(&)' = 7.094 X 1 0 8  

0 4th DEGREE FIT ~ ( k ) ~  = 8.192 lo-* 

RESIDUAL ERROR 0, = 30' 

A 3rd DEGREE FIT Z ( A € ) 2  = 2.218 x 

0 4th DEGREE FIT ~(AG)' = 2.167 x 

NOTE: FOR POLYNO-mAL COEFFICIENTS 
SEETABLE 2 

1 I I I I I I I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

DIMENSIONLESS BODY SURFACE DISTANCE, 
6 = x / R ,,, , MEASURED FROM STAGNATION POINT 

fle. l0 Dimensionless Convection Integral,12, Evaluated for Hemisphere -Cone 
+c ( 4 /2 Angle - Cone Frustrum 1 = 30°, 40° 
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35 

30 

25 

20 

15 

4 443-65-1 I. POLYNOMIAL CURVE FIT 

12( 6 ) A + Bt + C c 2  + D t 3  + E t 4  

RESIDUAL ERROR - POWER LAW I 

A 3rd DEGREE FIT I ( A € ) 2  2.2701 

0 4th DEGREE FIT ~ ( A E ) ~  = 7.623-1 

RESIDUAL ERROR - PARABOLOIDS 

A 3rd DEGREE FIT 1 ( A C ) 2  = 1.1356 

0 4th DEGREE FIT x ( A C i 2  = 1.9655-1 

RESlDUAL ERROR - POWER LAW 11 

0 3rd DEGREE FIT ~ ( A E ) ~  = 3.4137 x 10-1 

A 4th DEGREE FIT &A€)' = 4.7505 x lo-' 

NOTE: FOR POLYNOMIAL COEFFICIENTS 
SEE TABLE 2 

POWERLAW I /- 

lot 

I I I I I I I 
U u.3 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

-. - 

DIMENSIONLESS BODY SURFACE DISTANCE, € 8  X / R N  , 
MEASURED FROM STAGNATION POINT 

0 Fig. 11 Dimensionless Convection Integral, 12, Evaluated for Paraboloids qnd Power Laws 
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as was the or ig ina l  in ten t .  

bution, Eq. (7) ,  or t h e  t o t a l  heating, Eq. ( 8 ) ,  a spec i f ic  nose radius of 

curvature must be selected.  For the present appl icat ions the  results of 

preliminary s tudies  (see Appendix A) indicated t h e  d e s i r a b i l i t y  of nose r s d i i  5 

1 f t .  f o r  minimal heating a t  superorbi ta l  ve loc i t ies .  I n  keeping with the  

indicated des i r ab i l i t y  f o r  small nose radius of curvature, those selected f o r  

analysis  were 1 ft. and 3 ft. 
f igures  (Figs. 13 through 21). 

Hence, t o  evaluate e i t h e r  the  heat flux distri-  

These r e s u l t s  a re  shown i n  the  next set  of 

Each of t he  f igures  shows the  t o t a l  convective heating ra t ioed  t o  the  

adiabat ic ,  stagnation point heat  f lux as a function of surface distance,  

On each figure r e s u l t s  f o r  a l l  of the  geometries a re  superimposed f o r  both 

nose r a d i i  selected,  thus affording a d i r ec t  comparison of the  e f f e c t s  of 

geometry. The r e s u l t s  ind ica te  t h e  r e l a t i v e l y  blunt  hemisphere-cone p r o f i l e  

( GC = 40 ) i s  associated with r e l a t i v e l y  high t o t a l  convective heating as i s  

the  more oblate analyt ic  p ro f i l e ,  (Power Law I ) .  

trend appears t o  be the r e s t r i c t i o n  i n  expansion of shock layer  flow induced 

by the  presence of  the  40 
inspection of t he  pressure d i s t r ibu t ions  shown i n  Fig. 1 which shows c l e a r l y  

the  apparent plateau of constant pressure t h a t  i s  reached a f t e r  the  under 

expansion and recovery i n  the  flow t r a n s i t i o n  region near the  juncture betdeea 

hemisphere and cone. 

continuing over the e n t i r e  extent  of surface p r o f i l e  analyzed. 

t e n t  with expectations i n  consiaeration of  t h e i r  continuously dinlilishing body 

curvature. 

reduction for  t he  more slender power law body (Power Law 11) as wel l  as t h e  

. 

0 

The primary cause of t h i s  

0 cone frustrum. This e f f e c t  can be deduced by an 

The analyt.ic p ro f i l e s  tend t o  a more uniform expansion 

This i s  cohsis- 

Par t icular  a t t en t ion  can a l so  be given t o  the  sharp r e l a t i v e  

more slender hemisphere-cone ($J = 30 0 ). The paraboloid, i t se l f  a l s o  looks 
C 

promising from the  present convective heating results. 
heating f o r  a given surface dimension has g rea t e r  meaning i n  design s tudies  

if it i s  eml ined  i n  conjunction with the  voLume enclosed by t h e  geometries of 

i n t e r e s t  f o r  various surface lengths.  

s tudies  i s  discussed and examined for a s e t  of flow conditions i n  Section 3.3 
o f  t h i s  report. 

The r e l a t i v e  t o t a l  

This approach applied t o  the  present 
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' / -L HEMISPHERE CONE 
9, = 30" 

HEMISPHERE CONE 
+c = 40" 

.'* 

OO I 2 3 4 
NONDIMENSIONAL DISTANCE, [ Z X / R N ,  MEASURED FROM STAGNATION POINT 

Fig. 13 Convection Heating Integrated Over Surface Area 
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ALTITUDE = 150 Kft / / 
VELOCITY = 40 Kfps 

POWER 

RN = 1 ft 
---- RN = 1/2ft  

HEMISPHERE CONE 
#c = 40' 

LAW1 

/ 
PARABOLOID 

POWER LAW XI 

POWER LAW I 

1 2 3 4 

NONDIMENSIONAL DISTANCE, <a x/RN , MEASURED FROM STAGNATION POINT 

01 Fig.44 Convective Heating Integrated Over Surface Area 
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ALTITUDE = 150 Kf't 
VELOCITY = 50 Kfps / 

POWER LAW I -J /// 
POWER LAW II 

HEMISPHERE CONE 
@, = 40' 

1 2 3 4 

NONDIMENSIONAL DISTANCE ,€= X /  RN , MEASURED FROM STAGNATION POINT 

Fig. 15 Convoction Heating Integrated Over Surface Area 
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HEMISPHERE CONE 

1 2 3 4 
NONDIMENSIONAL DISTANCE, € 8  x /RN,  MEASURED FROM STAGNATION POINT 

Fig. 16 Convoction Hooting Intogrotod Ovor Surfaco Aroa 
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NONDIMENSIONAL DISTANCE , € = X /  RN , MEASURED FROM STAGNATION POINT 

Fig. I7 Convection Heating Integrated Over Surface Area 
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ALTITUDE 5 1 9 ~  &t 

VEIJOC::m 50 Kfps 

POWER LAW 1 7  

+c = 3u' 

I I 1 

NONDIMENSIONAL DISTANCE ,€= x/ RN 2 , h 3 4 
AEASURED FROM STAGNATION POlN 

-1 

T 

Fig. 18 Convection Heating Integrated Over Surface Area 
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ALTITUDE = 250 Kft 
VELOCITY = 30 Kfps HEMISPHERE CONE 

9, = 40' - 

POWER LAW 1 7  

PARABOLOID 

POWER LAW EI 

Fig. 19 Convection Heating Integrated Over Surface Area 
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ALTITUDE = 250 Kft 
VELOCITY = 40 Kfps 

\ POWER IAW I 

4-43-65-1 . 

Fig. 20 Convection Heating Integrated Over Surface Area 
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NONDIMENSIONAL MSTANCE,€~X/RN, MEASURED FROM STAGNATION POINT 

Fig.21 Convection Heating Integrated Over Surface Areo 
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3.2 Radiative Heating 

3.2.1 Correlation of Radiative Heat Flux Distr ibut ion 

The radiat ive heat f l u x  i s  d:-minished by t h e  non-adiabatic l o s s  mechan-, 

i s m  i n  a more d i r e c t  way than the  convective heat f lux.  The rad ia t ive  

heat f l u x  dis t r ibut ion f o r  the  shock layer  flow i s  conveniently expressed 

as a product of two terms, preparatory t o  correlat ion.  

I n  Eq. (10) the device of ra t io ing  the  results t o  the  adiabat ic  stagnation 

point heat  f lux (avai lable  from standard analysis  or corre la t ions  mentioned 

previously) has been imposed, i n  analogy with the convective heat  flux dis t r i -  

bution, t o  enhance the  u t i l i t y  of  the  present work. Normalized i n  t h i s  rmnner 

the  non-adiabatic radiation f l u x  d i s t r ibu t ion  for a l l  cases a re  correlated 

with one equation, e f fec t ive ly  uncoupling t h e  rad ia t ion  l o s s  parameter. 

radiat ion loss enters  through the  term 

of the  radiat ion lo s s  parameter,I'. 

( a l t i t ude ,  velocity, nose radius,  E /L prediction) r i s  readi ly  computed. 

Results of calculations a re  avai lable  from previous s tudies ,  see Howe (Ref. 5 ) ,  
Hoshizaki (Ref. 1) a s  w e l l  as the  present work. 

behavior of the stagnation point rad ia t ion  f l u x  r a t i o  as implied by exam'nation 

of the resul ts .  

f l o w  conditions. 

i n  Fig. 2 

The 

, a d i r ec t  funct ion 
- 

qr(0)Non-Adia 
qr (0)Adia 

For a given set of i n i t i a l  conditions 

Fig. 22 shows the  funct ional  

Symbols depict  points  from numerical solut ions a t  varioils 

The general range of r i n  t h e  present analysis  may be reviewed 

The second term on the  RHS of Eq. (10) i s  merely t h e  r a t i o  of the  r ad ia t ive  

heat flux dis t r ibu t ion  divided by the  stagnation point  value i n  a non-adiabatic 

shock layer .  

of the  computer code calculat ions,  

Correlation of t h i s  function has been made using the  r e s u l t s  

The co r re l a t ion  equation i s :  

= 2.01 X exp [ 3 . 9 0  I%Y2] 4,(0 

q,(O) 
Non- Adia 
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Again, t he  basic cor re la t ion  with pressure d is t r ibu t ions  works w e l l  as a 

descr ipt ion of the  average functional behavior of t he  results. 

of the  correlat ion equation i n  comparison to r e s u l t s  of t h e  computer code may 

be seen in Fig. 23. The re l a t ive ly  l imi ted  scatter of numerical r e s u l t s  

around t he  values given by the analy t ica l  solut ion a r e  not inconsis tent  with 

t h e  general accuracy of the  solutions. The poss ib i l i t y  of a small, systemt.tic 

var ia t ion  i n  d i s t r ibu t ion  resu l t ing  from a subt le  dependence on radiat ion 

loss and nose radius of  curvature will be examined when r e s u l t s  of the  new 

computer solutions (with self -absorption) a re  avai lable .  Thus f a r ,  no such 

systematic trend i n  dispersion of points has been detected from the  present 

r e su l t s .  

The behavior 

The behavior of  the  solutions with respect t o  cor re la t ions  i n  the conical  

region of the hemisphere-cones may by reviewed from the  comparison of  the 

correlat ion function , g2 (9,,5) and code results seen i n  a previous f igure  

(Fig. 7). The complete rad ia t ion  heat f l u  d i s t r ibu t ion  showing the  r e s u l t s  

of both correlations (Eq. (11) a;id g ) applied t o  the  hemisphere-cones appear 

i n  Fig. 24. The dashed extensiox f o r  the  40' ha l f  angle cone represents  the 

conical flow l imit ing values computed independently t o  ind ica te  the  apparent 

t rend of the actual  d i s t r ibu t ion  a t  regions f a r  from the  nose (5-5). 

comparable extension for t he  30' half  angle cone tends t o  vanish t o  the  scale  o f  

the  values depicted, hence i s  not shown. 

t i o n  equations i s  readi ly  apparent from examination of  t h i s  f igure.  

2 

The 

Agreement with the  present cor re la -  

The correlat ion for the  conical region appl ied t o  t h e  hemisphere-cones 

where 5 2 5 i s  described by the  following equation. T 

(12) 

I n  summary, the correlat ion equation f o r  the  r ad ia t ive  heat  f lux  d i s t r ibu t ion  

i s  (combining Eqs. (lo), (11) , and ( 1 2 ) )  : 
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Non-Adia = f(r) 2 . 0 1  x exp 
q,(O 

qr(0) 
Adia 

I 

w i t h  the  term, f(r) given by Fig.  22, f o r  a range of values of rad ia t ion  loss 
parameter , r .  The o the r  coeff ic ients  i n  the  second term on the  RHS a r e  used 

for the  hemisphere-cones. The f i r s t  term, only, i s  used f o r  t he  continuous 

ana ly t ic  geometries.1 

Numerics f o r  Conical Radiation Flux Correlation 

0.137 1.285 1.048 0 .954  
0 $ = 30 

C 

3.2.2 Integrat ion of Radiative Correlation Equations Over Surface Area 

Following the  procedure used f o r  the  convection heating, the  correlat:'-on 

Eq. (13) i s  integrated over the annular d i f f e r e n t i a l  area element correspond- 

ing t o  each of the  specif ied geometries. 

t h e  pressure d is t r ibu t ion ,  which i s  e s sen t i a l ly  only a geometric charac te r i s t ic .  

This permits a generalization o f t h e  integrated t o t a l  heating with geometry 

as the  only parameter. The adjustments fo r  free stream conditions appear i n  

the  equations a s  separately evaluated constant coeff ic ients .  Similar t o  the  

discussion i n  Sub-section 3.1.2, extension of the  present appl icat ions are 

possible  f o r  s i m i h  geometries supporting s imilar  pressure d is t r ibu t ions  or 

new in t eg ra l s  may be generated using Eq. (3) and d iss imi la r  pressure d i s t r i -  

butions developed f o r  other geometries. 

Once again, cor re la t ion  was with 
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a 
The integration of the correlat ion functions f o r  the various geome'xies 

r e s u l t s  i n  the general equation f o r  t o t a l  radiat ion heating, ra t ioed t o  the 

adiabat ic  stagnation point heat flux. 

which are evaluated and presented i n  t h i s  section. 

This equation i s  i n  terms of i n t e g r a l s  

1- 

N dA = 2nf(r) 

Adia 

Analogous t o  t h e  convection integrat ion,  the l a s t  term i n  Eq. (14), t he  i n t e g r a l  

I5 ( t )  i s  used for the  range of .$ 2 5 
the  continuous geometries t h i s  i n t eg ra l  does not appear and evaluation i s  car r ied  

our over the  e n t i r e  body surface, using the  in t eg ra l ,  I4 ( t ) .  

applied t o  t h e  hemisphere-cones. For T' 

The evaluated in tegra ls  (I4 and I ) for a r b i t r a r y  surface distance,  5 ,  5 
may be obtained, for the  specif ic  geometries analyzed, i n  Figs. 2 5 ,  26, and 27. 
Again the f i n a l  f i t s  for the  3rd and 4th degree polynomials are shown expl2c i t ly  

on the  figures along with the residual  e r ro r s .  

of the general form shown i n  Eq. (9) .  
t o  yield sat isfactory accuracy without invoking t h e  more cumbersome 4th degree 

polynomial. 

integrat ion are l i s t e d  i n  Table 3. 

The polynomial equations a re  

The cubic form of Eq. (9 )  may be seen 

Polynomial coef f ic ien ts  and t h e  4 e r r o r  over the range of 

3.2.3 Systematic Application of Integrated Radiative Heating Over t h e  Range of 
Analysis 

Consistent w i t h  the work on the convection heating compment, the t o t a l  
1 

radiat ion heating as  a function of surface dis tance has been coltlputcd fol- a l l  

of the  geometries over nine t r a j e c t o r y  points representing the rnngc of t h e  

present analysis. 

heating expression, Eq. (14) €or % = 1 ft., l / 2  ft. 
The calculat ions were accomplished using the  integrated 
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/ Q, (CONE-FRUSTUM 1/2 ANGLE) = 30", 40' 

RESIDUAL ERROR - Qc = 30' 

4 3rd DEGREE FIT 

0 4th DEGREE FIT 

Z(AE-)' = I .  215 x 10" 

& I E ) ~  = 5.240 x 10'~ 

POLYNOMIAL CURVE F I T  14(t) = A + q + c[ + Dc + Et4  p @, (CONE-FRUSTUM 1/2 ANGLE) = 40' 

RESIDUAL ERROR - OC = 40' 
I 

A 3rd DEGREE FIT I(&)' = 2.208 X lo-' 

1- NOTE: FOR POLYNOMIAL COEFFICIENT 

DIMENSONLESS SLIRFKE DISTANCE, x/RN, 
MEASURED FROM STAGNATION POINT 

Fig. 25 Dimensionlas Radiation Intogml, I,, E:voh#tod for Hanhphm Con 
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POLYNOMIAL CURVE FIT: 14(() = A + BS + c f 2  + Dt3 + E t 4  

RESIDUAL ERROR - PARABOLOIDS 

0 3rd DEGREE FIT I(&)' = 5.097-' 

A 4th DEGREE FIT ~ ( A c ) '  = 1 . 4 4 6 '  

NOTE: FOR POLYNOMIAL COEFFICIENTS 
SEE TABLE 

RESIDUAL ERROR - POWER LAW I 

A 3rd DEGREE FIT 

0 4th DEGREE FIT 

I(Ac)'  = 9. 804 

I(&)' = 7.551 

/ 
4 POWER LAW I 

RESIDUAL ERROR - POWER LAW U 

A 3rd DEGREE FIT 

0 4th DEGREE FIT 

~ ( A E ) '  = 6 . 8 8 8  x 10-l 

Z(Ae)' = 2.015 x 10'' 

NOTE: FOR POLYNOMIAL COEFFICIENTS 
SFF rPeluiE 3 

/A PARABOLOIDS 

I 

DIMENSIONLESS SURFACE DISTANCE, € 8  x/RN MEASURED FROM STAGNATION POINT 

Fig. 26 Dimensionless Radiation Integml, I,, Eva1uat.d for Paraboloids and Power Lam 
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The r e su l t s  a re  given i n  Figs. (28) through (36) w i t h  entry conditions 

l i s t e d  on the f igures  and specified geometry, a parameter. 

It w i l l  be noted t h a t  the  integrated radiat ion shows a somewhat d i f fe ren t  

precedence a s  t o  r e l a t ive  heating leve ls  i n  comparison t o  the convection 

heating discussed previously. 

higher values throughout, wi th  the paraboloid r e l a t ive ly  close. 

of the hemisphere-cones, 4c = 40°, generates t o t a l  radiat ion heating below 

the two previous analyt ic  prof i les ,  while the two more slender configurations 

power law I1 and the 30 half angle hemisphere-cone are  lower yet  i n  to t a :  

heating f o r  a given surface pos:_tion. 

two geometries i s  the same as  tha t  encountered i n  the  invest igat ion of the 

convection, however the three  comparatively blunt p ro f i l e s  a re  seen t o  have 

readjusted t h e i r  r e l a t ive  positions. 

The more oblate power law p ro f i l e  exhibi ts  

The la rger  

0 

The r e l a t ive  sequence f o r  the l a t t e r  
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ALTITUDE = 150 Kft 

VELOCITY = 30 Kfps 
POWER LAW I 

dA 
AREA 

PARABOLOID 

RN = 1 ft 
R, = 1/2 ft ----- 

/ /  
/ /  HEMISPHERE CONE / 

/ 

/ /  / P O W E R L A W I I - - \  

// // HEMISPHERE CONE 

I I I 1 
1 2 3 4 NONDIMENSIONAL DISTANCE ,€= X /  RN , MEASURED FROM STAGNATION POINT 

Fig. 28 Radiation Heating Integrated Over Surface' Distance 
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ALTITUDE = 150 Kft 
VELOCITY = 50 Kfps 

- RN = 1 ft 

- - -- RN = 1/2 f t  

HEMISPHERE CONE // Y 

NONDIMENSIONAL DISTANCE ,€= x/ RN , MEASURED FROM STAGNATION POINT 

Fig.30 Radiation Heating Integrated Over Surface Area 
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POWER LAW I / /  
~~ 

ALTITUDE = 190 Kft 
VELOCITY = 3OKfps 

/ /  
HEMISPHERE CONE 

$I C = 40" / 

IIEMISPHERE CONE 

r 

0 HEMISPHERE CONE M - / 
0 

NONDIMENSIONAL DISTANCE , e = ~ /  RN , MEASURED FROM STAGNATION POINT 

Fig. 31 Radiation Heating Integrated Over Surface Area 

3-45 
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Fig.32 Radiation Heating Integrated Over Surface Area e 
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--- 
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Fig.33 Radiation Heating Integrated Over Surface Area 
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ALTITUDE = 250 Kft 
VELOCITY = 40 Kfps 

R = l f t  

RN = 1 /2 f t  
N ------ 

HEMISPHERE CONE 

ISPHERE CONE , H -  

POWER LAW' I 

PARA BOLOII 

I$ = 30" 
C 

1 2 3 4 
NONDIMENSIONAL DISTANCE , € = X /  RN , MEASURED FROM STAGNATION POINT 

Fig. 35 Radiation Heating Integrated Over Surface Area 
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// HEMISPHERE @lC = 400/ CONE 

/ /  / 7 P O W E R  LAW1 

DIMENSIONAL DISTANCE ,e= x/ R i  , MEASURED FF~OM STAGNATION POINT 

Fig. 36 Radiation Heating Integrated Over Surface Area 
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3.3 An Evaluation of Geometrical Effects 

A standard f o r  comparison f o r  t o t a l  heating t o  the  var ie ty  of d i ss imi la r  

geometries must be selected. It was decided t h a t  a reasonable fac tor  f o r  

consideration would be the enclosed volume of the a rb i t r a ry  geometry. 

cat ion fo r  the importance of the volume i s  re la ted  t o  the necessity of p a r t i -  

cular  a t ten t ion  t o  t h i s  factor  i n  entry vehicle design for a par t icu lar  

mission. 

A t  t he  same time a successful design must c l ea r ly  incorporate estimates of 

the t o t a l  heat imposed on the vehicle surface and the resul t ing in t e rna l  

temperature environment. 

of geometry on t o t a l  heating. 

h s t i f i -  

Certainly minimum spa t ia l  requirements w i l l  be defined by the mission. 

Such a procedure i s  followed here t o  examine e f f e c t s  

Fig. 37 presents the dimensioniess volume, Volume x ( % ) - 3 ,  as  a function 

of surface dis tance,(  , f o r  the geometries analyzed i n  the present study. 

Selection of the desired volume, essent ia l ly  es tabl ishes  the surface distance 

and, through use of Figs. (13) through (21) or ( 2 8 )  through ( 3 6 ) ,  the integrated 

surface heating f o r  convection and radiat ion compcnen-ts. 

appropriate stagnation point hea t  f l u x  converts the dimensionless component 

heating t o  the proper l eve l  f o r  the flow conditions. 

were computed using the values determined i n  t ae  numerical computations fer 
the  rad ia t ive  heating and the  resu l t s  of Ref. (7) f o r  the convective heating. 

Determination of t he  

The present calculat ions 

The calculations a re  based on a 1 f t .  nose radius of curvature f o r  a 

f i zed  volume of 10 cubic f ee t .  

volume. 

comparison of geometric e f f ec t s ) .  An intermediate a l t i t u d e  i n  the range 

analyzed was selected,  z' = 1.9; with ve loc i t ies ,  Uw = 3, 4, 5. 
r e s u l t s  covering a range o f  coupling from negligible t o  strong a s  seen i n  

Fig. 2. 

(No significance i s  attached t o  t h i s  par t icu lar  

It merely represents a convenient select ion f o r  the present t r i a l  

- 
This generated 

00 

Fig. 38 summarizes the r e su l t s  of the study of the e f fec ts  o f  gemet ry  

on t h e  t o t a l  heating. The dependent variable i s  the t o t a l  heat f l ux  intagrated 
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ALTITUDE = 190 Kft 
ENCLOSED VOLUME = 10 ft3 
RN = 1 f t  

GEOMETRY 

OWER LAW I 
ARABOLOID 

OWER LAW I1 
EM.-CONE, qc = 40" 

EM.-CONE, qC = 30" 

NOTE: TOTAL HEATING IS TAKEN AS 
THE SUM O F  THE CONVECTIVE 
AND RADIATIVE COMPONENTS 
INTEGRATED OVER SURFACE 
AREA O F  EACH GEOMETRY FOR 
A DISTANCE CORRESPONDING TO 
THE SPECIFIED ENCLOSED VOLUM 

I I 

30 40  
FREE STREAM WtOcrTY, U, (Kfpr.) 

Fig.38 Effect of Geometry onlotal Wing  for Fixed Volume 
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over surface area (Btu/sec). 

tances ( c )  which y ie ld  the  f ixei  volume specif ied f o r  t he  individual geometry 

as seen in Fig. 37. The indeperdent var iable  i s  the  f r e e  stream ve loc i ty  

w3thin the  range 3 5 G m  5 5 .  

The in tegra t ion  i s  over various surface d i s -  

The geometrical configurat ionsref lect ing t h e  lowest t o t a l  heating f o r  
0 the  f ixed volume were 

l a w  11). 

simple body fineness r a t i o  f o r  i f ixed volume; nose radius of curvature divided 

by the ax ia l  length,  5 
40' hemisphere cone e h i b i t  a generally higher t o t a l  heating f o r  t he  f ixed  volune; 

with the  power law I p ro f i l e  t he  maximum, hence l e a s t  favorable of the  geometries 

analyzed. 

the  slender p ro f i l e s  ( 3 0  hemisphere-cone and power 

Here "slenderness" i s  defined a s  the  r e l a t i v e  smallness of t he  

The more oblate prof i les ;  power law I, paraboloid and 

It i s  a lso worth noting t h a t  t he  e f f ec t s  of minimizing the  t o t a l  heat  

through use of  r e l a t i v e l y  slender p ro f i l e s  i s  s l i g h t l y  o f f se t  by the  longer 
surface running length (and correspondingly l a r g e r  surface area) d i c t a t e6  by 

a f ixed  volume requirement. 

The confl ic t ing requirements for slenderness t o  minimize t o t a l  heating 

and r e l a t i v e  bluntness t o  maximize volune are indicated here but  no contra- 

d ic t ion  t o  the grea te r  advantages with the  more slender p r o f i l e s  was found 

for t h i s  range o f  geometries. 
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, 
3.4 Effect  of Mass In jec t ion  and Self Absorption of Radiant Energy 

In  the present analysis  we have neglected the  e f f e c t  of self-absorpt;on 

of radiant  energy and the  e f fec t  o f  ab la t ion  product mass in j ec t ion  i n t o  t h e  

shock layer.  

bu t  can only attempt t o  estimate the e f f e c t  they w i l l  have on the  r e s u l t s  

presented i n  t h i s  repcr t .  

We cannot rigorously j u s t i f y  the  neglect o f  these quant i t ies  

A t  t he  time t h i s  study was  i n i t i a t e d  there  was very l i t t l e  information 

on the  e f f e c t  of self-absorption. The gray-gas approximation, i n  which a 

mean absorpt ioncoeff ic ient  i s  employed, was thought t o  be va l id  and estimates 

of t he  e f f ec t  of self-absorption using the  Planck mean indicated t h a t  t he  

shock layer  would be op t i ca l ly  th in  f o r  most reentry s i tua t ions .  

t i o n  which i s  current ly  avai lable  shows t h a t  the  gray-gas approximation i s  

a very poor one i n  t e r m s  of obtaining meaningful quant i ta t ive r e s u l t s  on 
rad ia t ive  energy t ransfer .  

New informa- 

In 'chis sect ion,  some new results on self-absorption e f f ec t s  obtained 

from addi t ional  work being carr ied out f o r  NASA are  presented. 

are presented the  continuum absorption coef f ic ien ts  a s  calculated by Armtrong 

( R e f .  13) along with a correlat ion curve which i s  an empirical  modi f ica t im 

of t h e  simplified Penner-Thomas analysis ( R e f .  1 4 ) .  
f o r  t h e  continuum absorption coeff ic ient ,  which accounts only f o r  atoms and 

ions, was used t o  ca lcu la te  the energy t r ans fe r  out of a p la in  p a r a l l e l  s lab 

with the  enthalpy p r o f i l e s  shown i n  Fig. 

as an approximation t o  the  l o c a l  conditions i n  t h e  shock l aye r  of t yp ica l  

reent ry  bodies with t h e  s lab being bounded by the  vehicle surface and t h e  shock 

wave. 

I n  Fig. 39 

This correlat ion formula 

40. This s lab can be thought of 

The rad ia t ive  f l u x  t o  the  body and out through the  shock wave was evaluated 

i n  th ree  d i f fe ren t  ways. 

secondly, the gray-gas approximation was employed, and f i n a l l y  spec t ra l  

in tegra t ion  over frequency was carried out. The r a t i o  of the rad ia t ive  

f l u x  t o  the wall and t'nrough t h e  shock wave, with and without self-absorption 

The gas was f i r s t  assumed t o  be opt ica l ly  th in ,  
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are  presented i n  Fig. 41. 
rad ia t ive  flux with frequency both a t  the w a l l  and a t  the  shock are  presented. 

These resu l t s  show t h a t  f o r  small values of t h e  enthalpy form parameter 8*, 
t he  vacuum u l t r av io l e t  port ion of t h e  spectrum of the  rad ia t ive  flux t o  t h :  

w a l l  i s  highly absorbed. For l a rge  values of 8*, t he  vacuum u l t r a v i o l e t  i s  

absorbed much l e s s  since m a x i m u m  emission OCCUTS much c loser  t o  t h e  wall  as 

can be seenby inspection of the  enthalpy prof i les  (Fig.  40). A s  exyectc,d, 

the r e s u l t s  f o r  the  rad ia t ive  f l u x  through the  shock exhibi t  the  opposite 

behavior with 8" than t h e  rad ia t ive  flux t o  the  wall. 

I n  Fig. 42, t he  corresponding d i s t r ibu t ion  of t he  

These resu l t s  show f i rs t  of a l l ,  t h a t  the  gray-gas approximation can l ead  

t o  misleading r e s u l t s  and t h a t  self-absorption will reduce the rad ian t  energy 

f l u x  t o  t h e  surface and through the  shock s igni f icant ly .  

present analysis t h i s  means tha t  i f  self-absorption were taken i n t o  accoiuit 

t he  flow i n  the shock layer  would be more near ly  adiabat ic  since l e s s  encrgy 

i s  l o s t  by radiat ion and secondly, the  rad ia t ive  flux t o  t h e  surface would 

be grea t ly  diminished. 

the shock layer thickness and the  density. A t  the  stagnation point t he  densi ty  

i s  high, r e l a t ive ly  speaking, and the  shock layer thip., while i n  the  a f t e r -  

body region the dens i t ies  a re  l o w  and the  shock layer  thick.  Although t h i s  

tends t o  make the  e f f ec t  of self-absorption uniform over the  body, it i s  

conceivable tha t  the  rad ia t ive  ?-eating d i s t r ibu t ion  may be s ign i f i can t ly  

a l t e r ed  by self-absorption. 

In  terms o f  the  

Self  ab&orption i n  the  shock l aye r  i s  a function of 

Since a great deal of  absorption occurs  i n  the  cool  a i r  near the  body 

convective heating may be s ign i f i can t ly  increased. 

point which i s  "How i s  the  t o t a l  heat  flux t o  t he  surface a f fec ted  by s e l f -  

absorption?". A n  extension of the viscous shock layer  ana lys i s  t o  include 

self-absorption w i l l  provide the  answer t o  t h i s  question. 

heating i s  ? o t  s ign i f i can t ly  a l t e r ed ,  the  response of t h i s  surface mmterizl 

will be affected since the  surface mater ia l  will respond d i f f e ren t ly  t o  ;2 

heat f l ux  which i s  applied purely by rad ia t ion  and t o  a heat  f lm due t o  

convective heating. 

heating the  ablation products w i l l  blanket t h e  surface and i n h i b i t  the  s w f x e  

This r a i s e s  an in t e re s t ing  

Even i f  the  t o t a l  

The difference being t h a t  i n  the  case of  pure rad ia t ive  

3-58 

LOCKHEED MISSILES & SPACE COMPANY 

__ - - ~ 



4-43-65-1 

c 

f d!!! 



K 
W c 
v) 

3 
N 
E 
0 
\ 
v) 
I- 
I- 
3 
F 
I- 
v) z w 
I- 
E 

- 

- 

103 I 

p / p  = 1.1 x 10-2 6 0  n T6 = 11,400 "K 

FREQUENCY, hv ( e V )  

Fig. 42  Monochromatic Intensity as a 
Function o f  Frequency, h v  

3-60 



4-43-65-1. I 

reactions between the  a i r  molecules and t h e  surface. 

The in j ec t ion  of mass in to  the shock l aye r  will e f f e c t  both the  rad ia t ive  

and the  convective heating. 

the  r e l a t i v e l y  cool ablat ion products i n t o  the shock layer  will decrease 

the  rad ia t ive  f l u x  t o  the  surface by absorption. 

ablat ion products d i f fuses  i n t o  the higher temperature regions of t h e  shock 

layer ,  they may increase the  loca l  rad ia t ive  flux. 

will probably be a reduction in the rad ia t ive  f l u x  t o  the  surface. Mass 

in j ec t ion  will grea t ly  reduce the  convective heating as shown by the  r e s u l t s  

of Howe ( R f .  15) which a re  presented i n  Fig.  43. 
t o  the  t o t a l  heat  flux t o  the  surface. 

t i v e  heating can be reduced t o  s ignif icant  l eve l s  by the  in jec t ion  o f  the  

ab la t ion  products. The e f f ec t  oT mass in j ec t ion  on the  present r e s u l t s  w i l l  

be t o  decrease the  differences i n  t h e  convective heating between the d i f f e ren t  

body shapes considered. 

t h e  l a rges t  heat  f lux v i 1 1  a l s o  have the  l a r g e s t  reduction i n  the  convective 

heating since the  mass i n j ec t ion  ra tes  a re  proportional t o  the t o t a l  heat flux. 

In the case of rad ia t ive  heating in j ec t ion  of 

I n  some cases, i f  t he  

The ne t  r e s u l t ,  however, 

This reduction i s  proportional 

For severe en t ry  conditions the  convec- 

This i s  so because those configurations which have 
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4. SUMMARY AND CONCLUSIONS 

It has been demonstrated t h a t  t he  r e l a t i v e l y  complex problem of invest iga-  

t i n g  the  coupled convective and radiat ive heating t o  an en t ry  body moving 

a t  superorbi ta l  speed m y  be simply summarized by cor re la t ion  of  selected 

numerical solutions.  The bas i s  of t he  present study was a s e r i e s  of numerical 

solut ions f o r  a r b i t r a r y  geometries and f l i g h t  conditions generated using a 

t heo re t i ca l  solut ion and d i g i t a l  computer program developed a t  Lockheed. 

The present analysis  does nct incorporate the  e f f e c t s  of shock layer  self 

absorption or mass addition. 

on the  possible e f f e c t s  from thcse processes r e l a t i v e  t o  the  problem analyzed 

here. 

new computer program presently being developed which incorporates self-absorp- 

t i o n  and mass in jec t ion .  

a capabi l i ty  f o r  solution over a much l a rge r  range i n  temperature and density 

with respect t o  the thermodynamic and t ransport  property functions. It 

follows t h a t  a much l a rge r  range i n  superorbi ta l  en t ry  conditions may be 

invest igated with the new code. In  addi t ion,  the  present success w i t h  t h e  

cor re la t ion  approach has given added incentive t o  inves t iga t ion  of other  

possible  geometrical p ro f i l e s  t ha t  show promise f o r  superorbi ta l  en t ry  

vehicle s . 

A c r i t i c a l  discussion i s  presented i n  t h e  report  

Further analysis  of  these e f f ec t s  necessar i ly  awaits completion of a 

In  addition the new program i s  being prepared with 

In  summary, r e s u l t s  of the present s tudies  indicate  the  following con- 

c lusions : 

The most readi ly  obtainable hypersonic flow d i s t r ibu t ion  variable ( surface 

pressure) i s  a successful choice fo r  a correlat ion variable.  

o f  heating can be expressed a s  a simple function of  geometry ( a s  devionstrated 

by the  invariance of  hypersonic surface pressure d i s t r ibu t ion  with f ixed geoinetyy). 

Thus d i s t r ibu t ion  
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Specific f l i gh t  environments may then be simulated by calculating the values 

of separate coeff ic ients  which are  functionally dependent o n l y  on free stream 

conditions and nose radius of curvature. 

A variety of s tudies  of the  heating environment encountered by a rb i t r a ry  

geometries may be developed using the simple correlat ions i n  r e l a t ion  t o  a 

fixed design c r i t e r i a .  

i s  analyzed here and suggests t h a t  slender configurations with small nose 

radius of curvature show the m o o t  promise i n  minimizing the t o t a l  heat 

t ransferred t o  the vehicle surface i n  superorbital  entry regimes. 

Once such c r i t e r i a ,  a f ixed volume requirement, 
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APPEfl1,IX A 

ANALYSIS OF ENTRY 'FRAJECTORY, NOSE RADIUS AND NOSE BLUIWNESS 

A.l ENTRY TRAJECTORY AND NOSE RADIUS OF C U R V A m  

The i n i t i a l  t ask  completed i.n the present study was an analysis  made of 

24 l i f t i n g  entry vehicle t r a j e c t o r i e s  with i n i t i a l  entry ve loc i t ies  ranging 

up t o  70 Kfps. The analysis,  sunmarized i n  the 1s t  Quarterly Progress Repcrt 

(Ref. 16) showed t h a t  the different  i n i t i a l  conditions and vehicle aerodynamic 

properties generated charac te r i s t ica l ly  d i f fe ren t  heating p ro f i l e s .  

found, f o r  example, t h a t  peak he?.ting t ra jec tory  points were widely scat tered 

and t h a t  no "representative" heating p r o f i l e  could characterize even a l imited 

var ia t ion  i n  superorbital  entry conditions. Thus heating pulse width, shape, 

decay and charac te r i s t ic  heating decay times were a l l  found t o  vary t o  a degree 

which precluded any systematic generalization. The subsequent heating s t i d y  

thus had t o  be directed a t  obtaining r e s u l t s  f o r  a var ie ty  of superorbital  

t r a j e c t o r y  points representing a large range of possible conditions. 

It was 

This preliminary t ra jec tory  study w a s  accomplished using a 3 degree-Jf- 

freedom nmer i ca l  computer code developed a t  LMSC. 
b u i l t - i n  correlat ion equations f o r  the adiabatic stagnation heat radiat ive 

and convective flux components a s  a function of t ra jec tory  and atmospheric 

variables.  

point heat f l u x  from the computer output f o r  the range of selected entry 

conditions. 

a t  o r  very near pull-out on a l l  of the t r a j e c t o r i e s  analyzed. 

useful  i n  determining the e f f ec t s  o f  nose radius on t he  reduction of t he  peak 

t o t a l  heating i n  the stagnation region. 

a two p a r t  graph showing the nose radius of curvature (ft.) which results i n  

the  t o t a l  lcnimwn heating stadnation point t o t a l  heat flux ( 

a s  a function of f r ee  stream velocity and a l t i t ude .  Constant a l t i t u d e  bands 

The computer code has 

Hence it was possible t o  examine the uncoupled t o t a l  stagnation 

Peak heating f o r  both convective and radiat ive heating occurred 

The r e s u l t s  were 

This study i s  summarized i n  Fig. A.l, 

1 Btu 
Ft2-see 
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(180, 200, 220 K f t )  serve as the parameter i tnking both p a r t s  of the Figure. 
8 .  

The velocity range i s  from 4 0  t o  70 kfps. 

The r e s u l t s  indicate t h a t  minimum heating i s  associated with small nose 

r ad i i  ( 
the  range analyzed. 

than 50 Kfps). 

on the  a l t i t u d e  cal l -out)  which a re  based on calculations i n  which a 90% 
reduction i n  the convective heating component was used t o  simulate the ideal  

e f f e c t s  of mass inject ion.  While these curves show a var ia t ion i n  the scale  

of t h e  e f f e c t s  (and a reduction i n  the nose r ad i i  f o r  minimum heating because 

of the greater  dependence on the radiation component) the trends a r e  the 

same as shown by the r e s u l t s  f o r  no mass inject ion,  

body of t h i s  repolrt a re  based on nose r ad i i  of 6 2nd 1 €t., consistent with 

t he  trends depicted here. 

< 1 f t . )  f o r  a l l  pract lcal  combinations of veloci ty  and a l t i t u d e  i n  % -  
The average i s  around % - 0.2 f o r  ve loc i t ies  grea te r  

Also shown on tht? figure are curves ( s ign i f i ed  by an a s t e r i s k  

Studies described i n  the 

A.2  NOSE BLUNTNESS 

One of the i n i t i a l  objectives of the present study w a s  t o  determine the 

e f f e c t  of nose bluntness on the t o t a l  heating. 

t he  e f f e c t  of nose bluntness on t o t a l  heating w a s  based on the  following 

observations : 

The motivation f o r  invest igat ing 

o 

o Blunting the nose will increase the p a r t i c l e  t r a n s i t  time and hence 

The convective heating can be s ignif icant ly  reduced by rad ia t ion  cooling 

the radiat ion cooling. 

By blunting the nose, the convective heating t o  the nose and the a f t e r -  

body region w i l l  be minimized by maximizing the radiat ion cooling. 

heating will be increased i n  the nose region but can (it w a s  thought i n i t i a l l y )  

be reduced t o  insignifLCant l eve l s  by quickly expanding the flow around the  

body. It w a s  thought that the trade-off between the decreased convective 

heating and the increased radiative heating would be favorable i n  t h a t  ttic t o t a l  

heating wauld be subs tan t ia l ly  reduced. However, it turned out t h a t  t he  entropy 

layer  generated by bluntness creates a hot layer  of gas near the body which 

The r3diat ive 
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